We developed a flow-through chemical analyzer usable in seawater up to a depth of 2000 m. The analyzer, which can measure silicate and hydrogen sulfide dissolved in seawater, consists of the following four parts: (i) an acrylic oil-filled vessel containing the flow-through analyzer, (ii) a pressure housing containing electronic circuits (CPU, data logger and drivers to control the analyzer), (iii) a bundle of plastic bags keeping analytical reagents and waste solutions and (iv) batteries for powder supply. Si and H2S are determined colorimetrically using the Molybdenum Blue method and the Methylene Blue method, respectively. After the test operation up to a pressure of 2X 10' Pa in a shore-based laboratory, the system was submerged in seawater down to 1200 m depth to perform successful in situ Si measurements.
Seawater sampling at various depths by wire-line hydrocasts has been an indispensable operation for marine geochemists to study material circulation in the ocean from water column distributions of various chemical components.1'2 Recent progress in marine chemistry, however, has revealed many phenomena with considerable temporal as well as spatial variations, some of which are unlikely to be detected with the conventional time-consuming hydrocast and subsequent chemical analyses on board ship. For example, submarine hydrothermal activity, which has been regarded as a significant source of some chemical components in seawater3'4, is characterized by large scale temporal variability.5-' In order to estimate chemical flux from hydrothermal activity, we need to obtain very detailed time-series data. These can never be secured by intermittent hydrocasts from a research vessel. In addition, seawater samples taken by the wire-line hydrocast often suffer serious contamination from samplers and/or from sample transfer operations after the samplers are brought on deck.
These problems have prompted us to devise in situ chemical analyses, which could provide us much denser data sets in time and space with no problem of sampling contamination. Recent In Japan, Nakayama and his co-workers15"6 have made significant progress in applying the flow-through method for oceanographic studies, developing automatic Mn and Fe analyzers15,16 for shipboard use. We intend to extend this flow-through technique for in situ operations in deep ocean. This paper presents the first in situ flow-through chemical analyzer in Japan, for the measurements of Si and H2S concentrations in deep sea up to a depth of 2000 m. Silicate and H2S were selected because of the following reasons: l) they are known to be important components derived from submarine hydrothermal activity, 2) they are easily measured by colonmetric methods, and 3) precise H2S data should only be obtained by in situ measurement, because H2S is easily oxidized after sampling.
Apparatus
The submersible marine chemical analyzer, which is called MCA-2000 hereafter, was designed to be suitable for the following three purposes: 1) towing observations from a research vessel, 2) observations with a submersible, and 3) deploying experiment for a few days on the sea-bottom. As illustrated in Fig. 1 , the MCA-2000 is composed of the following four parts: (i) an acrylic oil-filled vessel containing a flow-through analyzer system, (ii) an aluminum pressure housing for electronic modules, (iii) a basket to arrange flexible plastic bags of analytical reagents and waste solutions, and (iv) a battery pack for power supply (DC24V). The battery can be omitted if power can be supplied from the ship or submersible. The acrylic vessel has a rubber diaphragm (Bellofram) at its top, as shown in Fig. 1 , for pressure balance between inside and outside the vessel. The weights of the vessel and pressure housing are approximately 40 kg and 20 kg in air, respectively. Figure 2 shows the flow chart of the analyzing system. A peristaltic pump (Watson-Marlow, MC Microcasette Pumphead) supplies constant flows of sample solutions (seawater sample, standard or blank) for silicate and H2S analysis and color-processing reagents with different flow rates, as shown in Fig. 2 . Six stop valves of electromagnetic type (Takasago, clean valve, EXAK-2) are sequentially actuated to select seawater sample, standard, or blank solutions for each of H2S and silicate measurements. Each solution is mixed with color-processing reagents after passing through the peristaltic pump, as shown in Fig. 2 . Silicate and H2S are colorimetrically detected using the Molybdenum Blue method 17,18 and the Methylene Blue method 17,19 respectively. The absorbance of each solution is detected by a mold-type photocell9'20, which has an LED photo-diode (a Radio-Shack 276-143 LED with maximum emission at 880 nm for Si detection; a Hewlett-Packard HEMT-3300 LED with maximum emission at 675 nm for H2S detection) as a light source and a phototransistor (Siemens LPT-100) as a light acceptor, facing each other with a light path of 2 cm. The LED photodiodes and photo-transistors were according to Johnson et al.9
The color-processing reagents and standard solutions were prepared as the previous works9"8 20 using reagent grade chemicals and deionized water in a Millipore Milli-Q system. Artificial seawater, which was prepared according to Lyman and Fleming21, was utilized not only as blank solution but also as solvent for diluting concentrated stock standard solutions. SnC12 was used as a reluctant because SnC12 was shown to give a much smaller temperature effect on the sensitivity of Si determination than ascorbic acid.9 The vessel is filled with silicone oil (Toshiba Silicone, TSF451-10). Tubes for the peristaltic pump are of either Tygon or Floran tubing. In the oil-filled condition, these tubes were changed every week due to deterioration.
PTFE tubing with an inner diameter of 1 mm was used for the other flow lines and for the mixing columns. The flow rates of the peristaltic pump and the inner volumes of the tubes in total between the sample inlet and the detectors enabled us to calculate the time-lags for silicate and H2S measurements to be 90 and 70 s, respectively.
The Al pressure housing, whose pressure rating is 2.2X107 Pa, holds a CPU, drivers, amplifiers, and an A/ D converter (Kimoto Electric). These electronic modules serve the following functions: (1) time-keeping with a quartz crystal oscillator clock in the CPU, (2) generating commands to the step-motor of the peristaltic pump and to the stop valves, according to a time schedule programmed using a personal computer prior to the start of measurement, (3) amplifying and recording the outputs of the photocells, which are transmitted to a personal computer after the system is recovered on-board ship. The pressure housing is connected with the acrylic vessel using oil-filled underwater connectors (Brantner & Associates, Inc., .
It was confirmed that MCA-2000 gives a straight calibration curve over the concentration range between 0 and 120 tM for silicate and between 0 and 40 tM for H2S. The detection limits and analytical errors were estimated to be 3 µM and ±2% for silicate, and 1 µM and We conducted test operation of MCA-2000 from atmospheric pressure (1X105 Pa) up to the pressure equivalent to 2000 m depth (2X107 Pa) using the pressure test chamber of Kobe University of Mercantile Marine on February 26 and 27, 1990 . For this test operation, we prepared three kinds of solutions for silicate and H2S analyses as listed in Table 1 . A plastic bag containing artificial seawater was connected to the inlet port of seawater sample (see Fig. 2 ). It should be noted that this time the standard solutions were exceptionally prepared using distilled water instead of artificial seawater. Power was supplied from outside the chamber through electric wires. Figure 3 shows a part of the results of the test operation. Pressure inside the chamber was gradually increased from 3X105 Pa to 2X10' Pa between 14:00 and 15:42, held at this pressure for about 30 min (from 15:42 to 16:10), and then decreased to almost 1X105 Pa at 17:00 as shown in Fig. 3(a) . The peristaltic pump was started at 15:05, maintaining normal operation till 17:00. The solutions to be analyzed were switched every 5 min. From 15:05 to 15:50, standard and blank solutions were analyzed alternately (sample solution was not introduced till 15:50). After 15:50, sample, blank and standard were repeatedly analyzed in regular turns until the end of the experiment. Figure 3 (b) and (c) show the variations of silicate and H2S detector outputs with time, indicating regular changes of the outputs corresponding to the switching among the three solutions. In case of silicate, the blank and the sample (artificial seawater) gave almost the same output as expected, while as for H2S, sharp overshoots were observed just after the changes from blank (or standard) to sample and from sample to blank. Although the reason is not well understood, abrupt salinity change between artificial seawater and distilled water may cause some intermittent instability in the H2S analyzing procedure, because we experienced no such noises when the H2S standard and blank solutions were For both silicate and H2S, the difference between the outputs of blank and standard (analytical sensitivity) as well as their absolute output values varied with time as shown by the broken lines in Fig. 3(b) and (c). Such a change of sensitivity is attributable to variation of maturity of color developing reactions during the passage of reagents through the mixing coils; the increase of sensitivity means the decrease of light transmission due to more color development. Since the peristaltic pump should have maintained steady flows for every solution and reagent all through the experiment, there is little possibility that reaction times through the mixing coils might have changed.
We measured the variation of temperature inside the oil-filled vessel, as shown in Fig. 3(d) . It is apparent that the sensitivities of Si and H2S measurements increase with increasing temperature as well as pressure.
The increase of temperature can accelerate the color developing reactions and vice versa to change the sensitivity with time.
In addition, Johnson et al.9 suggested the possibility of sensitivity increase with higher pressure.
The shorebased pressure test clearly demonstrated that in situ calibration is indispensable to obtain precise data, because the changes of temperature and pressure with depth are large in marine environments.
In situ Si measurement in Sagami Bay
The KT91-3 cruise by R/ V Tansei Maru of the Ocean Research Institute, University of Tokyo, between 20 and 24 February 1991, in the western Sagami Bay south of the Japan coast, was partly dedicated to the first in situ operation of MCA-2000. During the cruise, only the Si analyzing line was utilized, because H2S detection was not expected in the water columns of this area, where the dissolved 02 concentration is usually >70 µM.
The MCA-2000 system was lowered into seawater, hung at the end of a winch wire, while the ship held a fixed position. Power was supplied to MCA-2000 from lead storage batteries (24VDC) in oil-filled plastic bags, which were also submerged with the system. The approximate depth of the system was known from the wire-out length of the winch, which was occasionally calibrated by an acoustically monitored distance above the bottom using a sonar pinger attached to the system. The difference between the wire-out length and the real depth of MCA-2000 was estimated to be less than 20 m. Seawater, blank, and standard solutions were repeatedly analyzed in this order by every 10 min. The silicate concentrations of blank (artificial seawater) and standard (prepared using artificial seawater) are 0 µM and 147 µM, respectively. These values were obtained through the calibration against the CSK silicate standard solutions.
The in situ experiments in seawater were performed twice (test-1 and test-2) at the same location (35°00'N, constant, while the output of the standard solution varied significantly, giving the lowest sensitivity when the system was at the deepest depth. Judging from the experimental results shown in Fig. 3 , we suppose that the sensitivity decrease due to lower temperature exceeded the sensitivity increase due to higher pressure. The output of seawater sample, also shown by the broken lines in Figs. 4(c) and 5(c), was changed, reflecting the variation of silicate concentration through the water column. Silicate concentration was calculated by comparing the output of seawater sample with those of blank and standard solutions. In order to evaluate the in situ Si data, we collected seawater samples at several depths between 200 and 1200 m using Niskin bottles at almost the same location. Silicate concentrations of the collected samples were colorimetrically measured on board the ship using the blue color of molybdate complex.'' Both Si data are compared in Fig. 6 ; the two data sets agree well with each other, within ±10 µM. There seems to be a systematic shift between the two Si analyses, although its cause is unknown.
The in situ measurements as well as the shorebased tests proved that the system operates well under high pressures with a sufficient stability and short response time to give good quality data; availability and usefulness of the flowthrough method for in situ observation in deep ocean are clear. This system is further applicable to >2000 m depths, if the pressure rating of the pressure housing would be raised.
